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ABSTRACT 


An  experimental  study  was  made  of  influence  of  strain  magnitude  and 
strain  duration  on  dynamic  fracture  in  uniaxial  tension  of  low-strength  gyp¬ 
sum  plaster,  high-strength  gypsum  plaster,  high  early  strength  portland 
cement  mortar,  and  ordinary  portland  cement  mortar.  Dynamic  test  speci¬ 
mens  were  circular  cylindrical  bars  with  diameters  ranging  from  0.9  to  1.2 
inches  and  lengths  ranging  from  18  to  58  inches.  Static  test  specimens  2 
Inches  long  were  cut  from  the  long  bars.  A  special  loading  device,  designed 
and  constructed  by  Melpar,  generated  a  compressive  pulse  by  longitudinal 
Impact  of  two  metal  bars  and  applied  the  pulse  to  one  end  of  the  dynamic 
test  specimens.  The  compressive  pulse  was  reflected  at  the  free  end  of 
specimens  as  a  tensile  pulse  and  caused  fracture  in  tension  at  a  section 
near  the  middle. 

Time  from  zero  strain  to  maximum  tensile  strain  varied  from  10  to 
35  microseconds,  and  total  duration  of  tensile  strain  varied  from  20  to  430 
microseconds  with  few  exceptions.  All  materials  withstood  tensile  strains 
two  to  three  times  the  static  fracture  strain  for  short  periods.  The  strain¬ 
ing  time  required  to  cause  fracture  varied  with  strain  magnitude. 
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SECTION  1 


INTRODUCTION 


In  this  investigation,  experimental  data  have  been  generated  which 
provide  an  improved  understanding  of  stress-strain  time  conditions  neces¬ 
sary  to  cause  tensile  fracture  of  gypsum  plasters  and  concrete  mortars 
when  the  time  of  applying  load  is  in  the  order  of  20  microseconds.  It  is 
hoped  that  research  of  this  nature  will  eventually  produce  a  simple  mathe¬ 
matical  statement  of  conditions  necessary  for  fracture  of  a  broad  class  of 
rock-like  materials.  Also,  it  is  hoped  that  a  simple  test  will  be  developed 
for  determining  a  property  which  is  a  measure  of  resistance  to  fracture  of 
these  materials  by  very  rapid  tensile  loading. 

Dynamic  tensile  fractures  are  thought  to  occur  in  many  important 
practical  cases,  including  the  collapse  of  subsurface  tunnels,  cratering,  and 
percussion  drilling.  It  is  believed  that  dynamic  fracture  in  tension  is  a  very 
important  part  of  the  complex  phenomena  of  behavior  of  rock  under  explo¬ 
sive  or  impact  loading.  Improved  understanding  of  the  phenomenon  has  im¬ 
portant  application  to  model  prediction  of  fracture.  In  addition,  improved 
understanding  of  dynamic  tensile  fracture  may  lead  to  significant  improve¬ 
ments  in  efficiency  in  drilling,  blasting,  and  demolition  and  to  better  design 
criteria  for  blast-resistant  structures. 

The  basic  reason  usually  advanced  for  the  great  importance  of  tensile 
fracture,  as  compared  to  compressive  or  shear  fracture,  is  that  the  ratio  of 
compressive  strength  to  tensile  strength  of  rocks1  varies  from  10  to  20. 

Since  tensile  strengths  are  so  much  lower  than  compressive  strengths,  rocks 
will  transmit  Intense  compression  stress  pulses  without  damage;  but  when 
tensile  stress  is  produced  by  some  means,  such  as  reflection  at  a  free  sur¬ 
face,  the  rock  is  readily  fractured. 

There  is  considerable  evidence  that  fracture  under  rapidly  applied 
loading  cannot  be  predicted  by  specifying  a  state  of  stress  or  strain.  Speci¬ 
fication  of  the  conditions  causing  fracture  must  also  include  time. 

Dynamic  fracture  in  tension  for  loading  durations  in  the  range  of  20  to 
500  microseconds  is  an  Important  part  of  the  complex  phenomena  of  behavior 
of  rock  under  blast  or  impact  loading.  Load  durations  in  this  range  have 
been  observed  in  instrumented  laboratory  scale  model  experiments  2,3  and 
in  field  tests  involving  several  pounds  of  explosive. ^*5»6 

Several  investigators  have  discussed  the  importance  of  tensile  frac¬ 
ture  in  general7*9  and  its  particular  Importance  in  rock  blasting.3,9*10 
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Relchmuth1  concluded  that  the  initial  fracture  and  subsequent  fractures 
producing  chips  in  percussion  drilling  were  tensile  fractures.  He  also  noted 
that  the  force  required  to  produce  a  given  penetration  of  a  bit  was  higher  for 
dynamic  loading  than  for  static  loading. 

Martin  and  Murphy1*  performed  dynamic  tensile  fracture  experiments 
with  gypsum  plaster  bars.  Their  investigation  was  prompted  by  the  follow¬ 
ing  observations: 

a.  Numerous  observations**6  of  strain  wave  propagation  in  rock 
show  ’’cube  root  scaling”  to  be  valid  over  a  considerable  range  of  charge 
size.  ’’Cube  root  scaling”  means  scaling  all  linear  dimensions  (i.e.,  travel 
distance)  by  the  cube  root  of  the  charge  size.  If  the  condition  of  fracture 
can  be  specified  as  a  state  of  stress  or  strain,  dimensional  analyses  leads 
to  the  conclusion  that  cube  root  scaling  should  also  be  valid  for  predicting 
fracture. 

b.  Data  obtained  from  several  sources5,8,10  indicated  considerable 
deviation  from  cube  root  scaling  in  fracture  due  to  explosions. 

c.  Reported  values  of  dynamic  tensile  fracture  stresses4*5,7,10  are 
invariably  higher  than  static  fracture  stresses  for  the  same  materials. 
However,  reported  ratios  of  dynamic- to-static  fracture  stresses  vary  widely. 

Among  the  conclusions  reached  by  Martin  and  Murphy,11  the  following 
are  considered  especially  significant: 

a.  The  time  required  to  complete  fracture  of  plaster  is  significant, 
and  it  varies  with  the  level  of  stress.  It  follows  that  direct  application  of 
cube  root  scaling  is  not  valid  in  the  range  of  load  durations  considered. 

b.  The  condition  of  dynamic  fracture  of  plaster  cannot  be  specified 
only  in  terms  of  stress  or  strain. 

c.  There  should  exist  some  function  of  stress  such  that  the  time 
integral  of  the  function  of  stress  to  completion  of  fracture  is  a  constant 
characteristic  of  the  material.  A  form  of  this  function  applicable  to  plaster 
was  proposed. 

In  the  present  investigation,  a  considerable  amount  of  experimental 
data  has  been  obtained  for  high-strength  gypsum  plaster,  low-strength  gyp¬ 
sum  plaster,  high  early  strength  Portland  cement  mortar,  and  ordinary 
Portland  cement  mortar.  Time  from  zero  strain  to  maximum  tensile  strain 
in  specimens  was  between  about  10  and  35  microseconds  in  most  cases. 
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Duration  of  straining  varied  from  about  20  to  430  microseconds  --  more 
than  twice  the  range  of  load  durations  investigated  by  Martin  and  Murphy.11 
A  total  of  321  dynamic  tests  was  performed  in  addition  to  256  static  tensile 
strength  tests  and  numerous  preliminary  tests.  A  number  of  innovations  in 
instrumentation  were  made  including  a  simple  method  of  photographing  the 
specimens  at  two  stages  during  dynamic  fracture. 

A  simple  mathematical  statement  of  conditions  necessary  for  fracture 
of  a  broad  class  of  rock-like  materials,  and  a  simple  test  for  evaluating 
resistance  to  dynamic  fracture  have  not  yet  been  evolved.  However,  it  is 
felt  that  significant  progress  has  been  made  toward  these  objectives. 
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SECTION  2 


CONCEPT  OF  EXPERIMENTS 


In  these  experiments  it  was  desired  that  specimens  be  brought  from  a 
state  of  either  compression  or  zero  strain  to  a  state  of  high  tensile  strain 
in  the  minimum  possible  time,  and  held  at  this  high  level  of  strain  until 
fracture  was  completed. 

It  is  thought  that  cracks  in  rock-like  materials  originate  at  flaws  or  in 
microcracks  in  the  material  and  that  they  grow-  whenever  the  stress  or 
strain  exceeds  a  value  called  the  static  tensile  strength.  Crack  growth  is 
thought  to  start  slowly,  to  accelerate,  and  finally  to  reach  an  appreciable 
fraction  of  the  speed  of  sound  in  the  material.  If  this  is  true,  the  vast 
majority  of  area  of  the  specimen  is  fractured  in  a  very  small  percentage  of 
the  time  in  which  the  material  has  been  under  load.  Propagation  of  stress 
pulses  in  the  specimen  would  be  little  affected  by  fracture  until  crack  propa¬ 
gation  velocity  reached  a  high  value,  and  then  fracture  would  be  completed 
at  a  very  high  rate  and  in  a  very  short  time. 

When  rock-like  materials  are  loaded  by  explosion  or  impact  as  in  blast¬ 
ing,  demolition,  or  percussion  drilling,  the  duration  of  tensile  stressing 
may  be  comparable  to  or  less  than  the  time  required  for  crack  growth  to 
reach  a  high  velocity.  Consequently,  it  is  necessary  to  investigate  the  vari¬ 
ation  of  fracture  time  with  intensity  of  straining  in  order  to  predict  whether 
rock-like  materials  will  be  fractured  by  stress  pulses  of  short  duration. 

A  schematic  sketch  of  the  loading  method,  idealized  plots  of  strain  vs. 
time,  and  idealized  plots  of  strain  vs.  distance  are  shown  in  figure  1.  A 
strain  pulse  is  generated  by  longitudinal  impact  of  a  flat-ended  metal  bar 
(referred  to  as  the  striker)  on  another  flat-ended  metal  bar  (referred  to  as 
the  anvil).  The  pulse  propagates  down  the  anvil  to  the  Joint  between  anvil 
and  specimen.  At  this  Joint,  part  of  the  energy  of  the  pulse  is  reflected  and 
part  transmitted  into  the  specimen.  The  incident  compressive  pulse  propa¬ 
gates  to  the  end  of  the  specimen  and  is  reflected  as  a  tensile  pulse.  When 
the  head  of  the  reflected  tensile  pulse  passes  the  tail  of  the  incident  com¬ 
pressive  pulse,  a  section  in  the  middle  of  the  specimen  is  subjected  to  ten¬ 
sion,  which  will  cause  it  to  fracture  if  the  tensile  pulse  is  sufficiently  In¬ 
tense  and  prolonged. 

Propagation  of  pulses  in  cylindrical  bars  has  been  discussed  by  a  num¬ 
ber  of  authors,  for  example,  Timoshenko*2  and  Kolsky.13  Two  longitudinally 
impacting  bars  will  remain  in  contact  until  the  pulse  has  traveled  to  the  free 
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COMPRESSION 

STRAIN 


STRAIN  VS  TIME  AT  o-o 


b 


COMPRESSION  STRAIN  VS  DISTANCE  FROM 

SECTION  b-b 


STRAIN  VS  TIME  AT  b-b 


Figure  1.  Schematic  of  Loading  Arrangement  and  Idealized 

Loading  Conditions 

end  of  the  shorter  bar  and  back  to  the  surface  of  contact.  Consequently, 
pulse  duration  is  determined  by  length  of  the  striker  bar  and  is  equal  to 
twice  the  length  of  the  striker  divided  by  the  pulse  velocity  in  the  striker. 
Intensity  of  the  pulse  in  the  metal  bars  is  proportional  to  velocity  of  impact. 
The  ratio  of  stress  in  the  specimen  to  stress  in  the  anvil  depends  on  the 
acoustic  impedance  (density  multiplied  by  pulse  propagation  velocity)  of  the 
two  materials. 

To  avoid  undesirable  effects  from  reflection  of  pulses,  it  is  necessary 
that  the  anvil  be  at  least  twice  as  long  as  the  striker  bar.  Also,  the  speci¬ 
men  must  be  at  least  as  long  as  the  physical  length  of  the  strain  pulse  in 
the  specimen,  e.g.,  specimen  length  must  be  greater  than  pulse  duration 
multiplied  by  pulse  velocity  in  the  specimen.  If  these  conditions  are  satisfied, 
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a  section  in  the  middle  of  the  specimen  will  remain  in  tension  for  the  entire 
pulse  duration,  or  until  fracture  occurs. 

The  ideal  condition  for  this  type  of  loading  is  that  the  strain  at  some  sec¬ 
tion  of  the  specimen  goes  instantly  from  zero  to  a  high  value  of  tension  and 
remains  there  until  fracture  occurs.  In  practice  this  cannot  be  exactly 
achieved. 

Pulse  duration  is  limited  by  length  of  the  specimen  and  metal  bars.  For 
example,  the  pulse  velocity  in  the  steel  bars  used  is  191,000  inches/sec,  and 
a  25-inch  long  striker  generates  a  pulse  with  a  nominal  duration  of  262 
microseconds.  In  high  early  strength  portland  cement  mortar,  pulse  veloc¬ 
ity  was  158,  785  inches/sec,  and,  consequently,  the  minimum  specimen 
length  is  41.6  inches  if  the  specimen  is  to  stay  in  tension  for  the  entire  262 
microsecond  duration  of  the  pulse  generated  by  a  25-inch-long  striker. 
Duration  of  loading  can  be  increased  only  by  increasing  the  lengths  of  the 
specimen,  striker,  and  anvil  bars.  Obviously,  there  is  a  practical  limit  to 
the  length  of  specimens  that  can  be  handled. 

Strain  cannot  go  instantly  from  zero  to  a  high  value  of  tension  because  of 
the  finite  rise  time  of  the  pulse.  In  practice,  it  is  possible  to  generate 
pulses  which  closely  approximate  those  shown  in  figure  1.  At  some  section, 
a-a,  remote  from  the  free  end  of  the  specimen,  the  strain  increases  from 
zero  to  a  high  value  of  compression  during  the  rise  time,  tr;  holds  constant 
for  a  time;  and  decreases  to  zero  in  a  time  approximately  equal  to  tr.  The 
pulse  propagates  to  the  end  of  the  specimen,  is  reflected  with  a  change  of 
phase,  and  the  strain  pattern  is  repeated  at  section  a-a  but  with  tensile 
strains  rather  than  compressive  strains. 

If  the  rise  time  and  fall  time  of  the  pulse  are  equal,  there  will  exist  some 
time  at  which  the  tail  of  the  compressive  pulse  coincides  with  the  head  of 
the  reflected  tensile  pulse,  and  the  resultant  strain  in  the  specimen  is 
everywhere  zero.  An  instant  later,  a  zone  of  length  ctr  (where  c  is  the  pulse 
propagation  velocity)  will  be  subjected  to  tension.  Section  b-b  in  figure  1  is 
taken  to  be  at  the  uenter  of  this  zone  which  first  goes  into  tension.  Note 
that  at  section  b-b  the  time  from  zero  strain  to  maximum  tensile  strain  is 
only  tr/2.  Note  also  that  when  strain  at  section  b-b  first  reaches  its  maxi¬ 
mum  value,  tensile  strains  of  lesser  magnitude  exist  for  a  distance  equal 
to  ctr  on  either  side  of  section  b-b. 

In  practice,  tr  has  a  value  of  very  near  20  microseconds  in  metal  bars  of 
1-inch  diameter.  In  some  cases,  tr  was  larger  in  the  specimens,  probably 
due  to  an  imperfect  joint  between  the  anvil  bar  and  specimen. 
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In  actual  experiments,  the  value  of  tr  in  the  specimen  varied  from  about 
20  to  50  microseconds,  and  c  varied  from  about  112,500  to  158,800  inches/ 
sec,  so  that  ctr  varied  from  2.3  to  8.0  inches  for  various  materials  and  test 
conditions. 

A  good  picture  of  the  loading  condition  in  the  specimens  is  given  by  the 
sketch  of  strain  vs.  time  at  section  b-b  and  strain  vs.  distance  from  section 
b-b  at  various  times  as  shown  in  figure  1. 
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SECTION  3 


EXPERIMENTAL  METHODS 


a .  Method  for  Casting  Dynamic  Test  Specimens  from  Low-strength 

Gypsum  Plaster 

(1)  Scope 

This  method  covers  the  materials,  mechanical  mixing,  molds, 
placement  in  molds,  and  curing  of  low-strength  plaster  bars  for  dynamic 
fracture  tests. 

(2)  Apparatus 

(a)  Scales  :  The  scale  used  in  weighing  materials  for  plaster 
mixes  was  an  Ohaus  model  1119  having  a  capacity  of  20  kg  and  a  least-scale 
division  of  1  g. 


(b)  Specimen  Molds:  Specimen  molds  were  made  from  1-inch 
schedule  80  polyvinyl  chloride  pipe.  Pipe  was  cut  in  40-inch  lengths,  and 
lengths  with  bends  or  imperfections  were  discarded.  The  select  40-inch 
lengths  were  sliced  lengthwise  down  one  side  so  that  they  could  be  wedged 
open  and  the  specimen  slid  out  of  the  mold.  A  T-shaped  gasket  was  inserted 
in  the  slot,  and  the  mold  clamped  together  with  screw-type  hose  clamps  at 
3-inch  intervals,  so  that  the  mold  was  water  tight.  One  end  of  the  mold  was 
closed  by  a  rubber  stopper.  The  inside  diameter  of  the  assembled  mold 
was  about  0.95  inch.  A  rack  was  constructed  to  hold  the  molds  in  a  nearly 
vertical  position  during  placing  of  the  plaster  mixture. 

(c)  Mixing  Apparatus:  The  mixing  container  was  a  rectangular 
polyethylene  pan  about  11  by  13  by  6  inches  deep.  Plaster  was  sifted  into  the 
mixing  pan  with  a  sieve  having  a  rotating  blade  above  the  screen.  Mixing 
was  done  by  hand  with  a  rectangular  steel  trowel. 

(3)  Temperature  and  Humidity 

(a)  Temperature :  Temperature  of  the  air  in  the  work  area 
varied  from  about  71  to  81  degrees  F. 

(b)  Humidity:  Relative  humidity  in  the  work  area  varied  from 
about  20  to  30  percent. 
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(4) 


Materials 


(a)  Plaster  :  Plaster  used  was  Ultracal  60  gypsum  plaster, 
manufactured  by  United  States  Gypsum  Company. 

(b)  Water:  Mixing  water  was  ordinary  tap  water. 

(5)  Batch  Size 

Each  batch  was  made  up  of  the  following  quantities  of  materials 
Ultracal  60  plaste:  --  3800  g. 

Water  —  1482  g. 

(6)  Mixing 

Great  care  was  exercised  in  keeping  mixing  equipment  clean 
and  free  of  dried  plaster. 

Water  was  placed  In  the  pan  and  then  plaster  was  sifted  over  the  sur¬ 
face  as  rapidly  as  It  would  sink  into  the  water  without  building  up  a  dry 
layer  on  the  surface.  Sifting  plaster  Into  the  water  required  17  minutes. 
After  the  plaster  was  added,  it  was  allowed  to  stand  undisturbed  for  4 
minutes. 

Gentle  mixing  with  a  rectangular  steel  trowel  was  done  for  20  minutes. 
Great  care  was  exercised  to  avoid  splashing  or  other  action  that  might 
cause  entrapment  of  air. 

(7)  Placing  In  Molds 

Polyvinyl  chloride  forms  were  thoroughly  cleaned  by  forcing  a 
cheese-cloth  pad  through  the  mold  with  a  metal  rod.  A  smooth  coat  of  sili¬ 
cone  grease  was  applied  by  the  same  technique  after  replacing  the  cleaning 
cloth  with  one  saturated  with  grease.  Molds  were  made  completely  water 
tight. 

Molds  were  held  in  a  rack  with  a  slight  Incline  from  the  vertical.  The 
mixture  was  poured  down  the  side  of  the  mold,  with  great  care  to  avoid 
splashing  or  other  action  that  might  entrap  air. 
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(fi)  Curing 


Molds  were  not  moved  from  the  casting  position  for  30  minutes. 
Specimens  were  removed  from  the  molds  4  hours  after  casting.  Molds  were 
spread  and  wedged  apart  so  that  specimens  would  slide  out  without  being 
forced.  Specimens  were  pushed  out  with  a  rod,  never  pulled  out. 

After  removal  from  forms,  specimens  were  placed  in  a  rack  and  air 
dried  until  tested. 

b.  Method  for  Casting  Dynamic  Test  Specimen  from  High-Strength  Gypsum 
Plaster 


(1)  Scope 

This  method  covers  the  materials,  mechanical  mixing,  molds, 
placement  in  molds  and  curing  of  high-strength  plaster  bars  for  dynamic 
fracture  tests. 

(2)  Apparatus 

(a)  Scales  :  The  scale  used  in  weighing  materials  was  the  same 
as  previously  described  for  low  strength  gypsum  plaster. 

(b)  Specimen  Molds;  Specimen  molds  were  of  similar  construc¬ 
tion  to  those  used  for  low-strength  gypsum  plaster.  The  only  variatJons 
were  greater  length  (60  inches)  for  some  molds  and  the  widening  of  the  slot 
at  one  end  of  the  mold  to  permit  the  pouring  of  the  plaster  mixture  into  the 
molds.  The  rack  for  holding  these  molds  was  of  such  construction  to  hold 
the  molds  in  a  nearly  horizontal  position. 

(c)  Mixing  Apparatus;  A  unique  apparatus  was  constructed  for 
degassing  water  and  combining  plaster  with  water  at  a  low  pressure  --  Just 
above  the  vapor  pressure  of  water.  The  apparatus  is  shown  schematically 
in  figure  2,  and  a  photograph  is  shown  in  figure  3. 

(3)  Mixing  Procedure 

Water  and  plaster  were  weighed  and  placed  in  their  respective 
flasks.  The  vacuum  pump  was  connected  through  the  filter  and  moisture 
trap  to  the  water  flask.  The  system  was  evacuated  until  air  bubbles  ceased 
to  rise  to  the  surface  of  the  water.  After  completion  of  degassing,  vacuum 
was  slowly  released.  The  vacuum  pump  was  then  connected  through  the  fil¬ 
ter  to  the  flask  containing  plaster,  the  pressure  was  reduced  to  0.25  psi,  and 
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Figure  2.  Schematic  of  Apparatus  for  Mixing  High-Strength  Gypsum  Planter 

the  connection  between  the  pump  and  plaster  flask  was  closed.  The  vibrator 
was  operated  only  during  evacuation  of  the  plaster  flask.  It  was  a  110-volt, 
2.5-amp  dental  vibrator  made  by  the  Buffalo  Dental  Manufacturing  Company. 
The  stopcock  between  the  water  flask  and  the  plaster  flask  was  then  opened, 
and  water  was  allowed  to  run  Into  the  plaster  flask.  A  few  drops  of  water 
were  left  in  the  water  flask  so  that  a  vacuum  was  maintained  in  the  plaster 
flask.  Injection  of  water  required  I  minute.  After  injection  of  water,  the 
clamp  on  the  hose  leading  to  the  plaster  flask  was  closed,  and  the  plaster 
flask  was  removed  from  the  system. 

Mixing  was  accomplished  by  vigorously  shaking  the  flask  for  11  minutes, 
after  which  the  vacuum  was  slowly  released,  and  the  mixture  was  rapidly 
poured  into  the  molds. 

(4)  Temperature  and  Humidity 

(a)  Temperature:  Temperature  of  the  air  in  the  work  area 
varied  from  about  71  to  81  degrees  F. 
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Figure  3.  Equipment  for  Mixing  High  Strength  Gypsum  Plaster 
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(b)  Humidity:  Relative  humidity  in  the  work  area  varied  from 
about  20  to  30  percent. 

(5)  Materials 


(a)  Plaster:  Plaster  used  was  Hydrostone  gypsum  plaster, 
manufactured  by  United  States  Gypsum  Company. 

(b)  Water:  Mixing  water  was  ordinary  tap  water. 

(6)  Batch  Size 

Each  batch  was  made  up  of  the  following  quantities  of  materials: 

Hydrostone  plaster  --  2700  g. 

Water  --  900  g. 

(7)  Placing  in  Molds 

Slotted  polyvinyl  chloride  molds  were  thoroughly  cleaned  by 
forcing  a  cheese-cloth  pad  through  the  mold  with  a  metal  rod.  A  smooth 
coat  of  silicone  grease  was  applied  by  the  same  technique  after  replacing 
the  cleaning  cloth  with  one  saturated  with  grease. 

Molds  were  held  in  a  rack  with  a  slight  incline  from  the  horizontal. 
Plaster  poured  through  a  funnel  into  an  opening  at  one  end  flowed  down  the 
mold  and  overflowed  through  the  slot  along  the  top  of  the  mold  so  that  no  air 
was  trapped. 

(8)  Curing 

Molds  were  not  moved  from  the  casting  position  for  30  minutes. 
Specimens  were  removed  from  the  molds  4  hours  after  casting.  Molds  were 
spread  and  wedged  apart  so  that  specimens  would  slide  out  without  being 
forced.  Specimens  were  pushed  out  with  a  rod,  never  pulled  out. 

After  removal  from  forms,  specimens  were  placed  in  a  rack  and  air 
dried  until  tested. 
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c. 


Method  for  Casting  Dynamic  Test  Specimens  from  Portland  Cement 
Mortars 


(1)  Scope 

This  method  covers  the  materials,  mechanical  mixing,  molds, 
placing  in  molds,  and  curing  of  portland  cement  mortar  bars  for  dynamic 
fracture  tests. 

(2)  Apparatus 

(a)  Scales :  The  scale  previously  described  was  used  in  weigh¬ 
ing  materials  for  mortar  mixes. 

(b)  Specimen  Molds:  Specimen  molds  were  made  from  1-1/4- 
inch,  schedule  80  polyvinyl  chloride  pipe.  Pipe  was  cut  in  50-lnch  lengths, 
and  lengths  with  bends  or  surface  imperfections  were  discarded.  The  se¬ 
lect  50-inch  pieces  were  sliced  lengthwise,  and  each  half  was  marked  so 
that  it  could  be  matched  with  its  mating  half.  When  assembled,  the  two 
halves  of  the  mold  were  held  together  by  11  screw-tvpe  hose  clamps.  The 
bottom  of  the  mold  was  closed  by  a  rubber  stopper.  The  inside  diameter  of 
an  assembled  mold  was  about  1.2  inches.  Each  half  of  the  mold  was  lubri¬ 
cated  with  silicone  grease  before  assembly. 

(c)  Mixer,  Bowl,  and  Paddle:  The  mixer  was  a  Hobart  model 
C-100,  electrically  driven,  3-speed  mechanical  mixer  shown  in  figure  4. 
This  mixer  is  similar  to  that  described  in  ASTM  designation  C30514  but  is 
larger,  the  bowl  diameter  being  about  10  inches  and  the  bowl  height  about  9 
inches. 


(d)  Tamper:  The  tamper  was  an  aluminum  bar  of  50  inches  in 
length  and  1,00  inch  in  diameter.  A  thin  rubber  cap  covered  the  end. 

(3)  Temperature  and  Humidity 

(a)  Temperature  :  Temperature  of  the  air  in  the  work  area 
varied  from  about  71  to  81  degress  F. 

(b)  Humidity  :  Relative  humidity  in  the  work  area  varied  from 
about  20  to  30  percent. 

(4)  Materials 


(a)  Cement:  Portland  cement  was  purchas'-'-’  from  a  local  sup¬ 
plier.  All  specimens  in  one  series  were  made  from  a  single  bag  of  high* 
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early  strength  portland  cement.  All  specimens  In  the  other  series  were 
made  from  a  single  bag  of  ordinary  portland  cement. 


(b)  Aggregate :  The  aggregate  used  was  Ottawa  sand  conform¬ 
ing  to  ASTM  designation  C109.^ 


(c)  Water:  Mixing  water  was  ordinary  tap  water. 

(5)  Batch  Size 

Each  batch  was  made  up  of  the  following  quantities  of  materials 

Portland  Cement  --  293G  g. 

Sand  --  7376  g. 

Water  --  17  35  g. 

(6)  Mixing 

Mixing  was  done  as  specified  in  ASTM  designation  C305,  part 


(7)  Placing  In  Molds 

Molds  were  placed  in  a  vertical  position.  Mortar  was  added  to 
the  mold  in  lifts  of  about  1  Inch.  Each  lift  was  tamped  three  times  with  the 
50  inch  long  aluminum  tamping  rod. 


(8)  Curing 

After  molds  were  filled,  they  were  placed  in  a  tank  and  kept 
covered  by  water.  Specimens  made  with  high  early  strength  cement  were 
cured  under  water  for  7  days,  air-dried  on  a  rack  for  14  days,  and  tested 
21  days  after  casting.  Specimens  made  with  ordinary  portland  cement  were 
cured  under  water  for  14  days,  air  dried  on  a  rack  for  14  days,  and  tested 
28  days  after  casting. 

In  most  cases,  molds  were  left  on  specimens  until  the  under-water 
cure  was  completed.  In  all  cases,  molds  were  removed  before  the  start  of 
the  air  drying  period. 
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d.  Method  for  Determining  Static  Tensile  Strength  and  Density 


(1)  Scope 

This  method  covers  the  procedure  for  determlng  static  tensile 
strength  of  2-inch-long  specimens  cut  from  plaster  ana  cement  mortar  bars 
by  the  cylinder  splitting  test  and  determining  density. 

(2)  Apparatus 

(a)  Testing  Machine:  The  testing  machine  used  was  a  Tinius 
Olsen  Super  "L"  with  full-scale  ranges  of  1200,  12,000,  and  60,000  lb. 

(b)  Bearing  Block:  A  Tinius  Olsen  spherical  bearing  block  with 
a  bearing  face  diameter  of  2.5  inches  was  positioned  between  the  lower  sur¬ 
face  of  the  test  specimen  and  the  bed  of  the  testing  machine. 

(c)  Bearing  Strips:  Two  bearing  strips  of  thick  blotting  paper, 
approximately  1/2  inch  wide,  2-1/4  inches  long,  and  0.022  inch  thick  were 
cut  for  each  specimen.  Bearing  strips  were  placed  between  the  specimen 
and  both  the  upper  and  lower  bearing  block  of  the  testing  machine.  Bearing 
strips  were  not  reused. 

(d)  Scales:  Specimens  were  weighed  in  an  Ohaus  triple-beam 
balance,  model  CG  311,  with  a  least-scale  division  of  0.01  g. 

(3)  Test  Specimens 

Test  specimens  were  2.0-inch-long  segments  cut  from  long  bars 
cast  for  dynamic  test  specimens.  Cutting  was  done  with  the  Felker  DiMet 
Model  11-B  saw  equipped  with  a  diamond  blade,  shown  in  figure  5.  Diameter 
of  plaster  specimens  was  about  0.95  inch.  Diameter  of  mortar  specimens 
was  about  1.2  inches. 

(4)  Procedure 


(a)  Measurements :  Diameter  of  the  specimen  was  measured  to 
0.001  inch  along  the  diameter  which  contacted  the  heads  of  the  testing  ma¬ 
chine.  Length  of  the  specimen  was  measured  to  the  nearest  0,001  inch;  the 
weight  of  specimens  was  measured  to  the  nearest  0.01  g,  and  the  breaking 
load  was  recorded  to  the  nearest  10  pounds. 

(b)  Rate  of  Loading  :  Load  was  applied  continuously  and  with¬ 
out  shock  at  a  rate  of  about  500  psl  per  minute. 
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Figure  5.  Equipment  for  Cutting  Test  Specimens 
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(c)  Density  :  Density  was  calculated  from  the  length,  diameter, 
and  weight  of  specimens  taken  before  testing. 

(d)  Tensile  Strength  :  Splitting  tensile  strength  was  calculated 

as  follows: 


S  = 


2  P 
ttLD 


where 


S  =  splitting  tensile  strength  in  psi 

P  =  maximum  applied  load  indicated  by  the  testing  machines  in 
pounds 

L  =  length  in  inches 
D  =  diameter  in  inches 

(e)  Age  at  Test :  Mortar  static  specimens  were  tested  on  the 
same  day  as  corresponding  dynamic  specimens. 

Ultracal  60  static  test  specimens  were  tested  after  air  drying  for  13  to 
19  days. 

Hvdrostone  static  test  specimens  were  tested  after  air  drying  for  41  to 
55  days  with  three  exceptions  at  15,  16,  and  24  days. 

e.  Method  for  Cutting  Test  Specimens  and  Applying  Gages  and  Conductive 
Strips 

(1)  Scope 

This  method  covers  cutting  of  plaster  and  mortar  bars,  finishing 
of  ends,  application  of  conductive  strips,  and  application  of  strain  gages. 

(2)  Apparatus 

(a)  Cutting  Machine:  Bars  were  cut  with  a  Felker  DiMet  Model 
1 1—  B  saw,  shown  in  figure  6.  This  saw  was  equipped  with  a  diamond  blade. 
No  lubrication  wras  required  for  cutting  plaster  bars.  The  blade  was  lubri¬ 
cated  with  water  for  cutting  cement  mortar  bars. 
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Figure  6.  Mortar  Dynamic  Test  Specimens  Before  and  After  Testing 


\Z 


(b)  Finishing  of  Ends:  A  standard  machinists  V-block  and  file 
were  used  for  finishing  the  ends  of  plaster  bars. 

(3)  Materials 


(a)  Conductive  Strips:  Conductive  strips  were  painted  on  bars 
with  silver  print  No.  21-2  printed  circuit  paint,  made  by  G.  C.  Electronics 
Company. 


(b)  Glue :  Strain  gages  were  applied  with  Duco  cement  made  by 

duPont. 

(c)  Strain  Gages:  Strain  gages  used  were  SR-4,  types  C-8  and 
A-14,  made  by  Baldwin  Lima  Hamilton  Corp.  Gages,  type  A-14,  were  used 
on  all  specimens  made  of  Hydrostone  and  high  early  strength  cement,  and 
for  must  specimens  made  of  ordinary  portland  cement.  Gages,  type  C-8, 
were  used  on  all  specimens  made  of  Ultracal  ro  plaster  and  a  few  specimens 
made  of  ordinary  portland  cement. 

(4)  Location  of  Gages  and  Conductive  Strips 

Location  of  strain  gages  and  conductive  strips  is  given  in  table  I. 

(5)  Procedure 


Specimens  were  not  handled  for  cutting  until  they  had  air  dried 
for  at  least  4  days.  Care  was  taken  to  avoid  impacts  that  might  cause  inter¬ 
nal  cracks  in  the  specimens.  In  many  cases,  a  long  bar  was  cut  in  half  to 
make  two  shorter  specimens  for  dynamic  tests. 

Specimens  for  determining  static  tensile  strength  were  2-inch-long  sec¬ 
tions  cut  from  the  long  bars  used  in  dynamic  tests.  Static  specimens  were 
cut  from  both  upper  and  lower  ends  of  long  bars  and  marked  to  indicate  lo¬ 
cation  from  which  taken.  Two  static  specimens  were  taken  from  the  upper 
ends  of  bars  and  two  from  lower  ends  of  bars  for  each  batch  of  Ultracal  60. 
One  static  specimen  was  taken  from  the  upper  end  and  one  from  the  lower 
end  in  most  batches  of  Hydrostone.  In  no  case  was  the  difference  between 
strength  of  specimens  from  the  upper  and  lower  ends  of  bars  significant. 

Static  test  specimens  were  cut  from  plaster  bars  before  dynamic  tests 
were  made  on  the  long  bars.  Static  test  specimens  were  cut  from  long  bars 
after  the  long  bars  had  been  broken  in  dynamic  tests.  Mortar  static  test 
specimens  were  cut  from  the  end  of  the  bar  which  had  been  placed  against 
the  loading  machine  anvil.  These  results  were  compared  to  several  static 
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LOCATION  OF  STRAIN  GAGES  AND  CONDUCTIVE  STRIPS 


test  samples  which  had  not  been  fractured  dynamically,  and  the  average 
stress  as  well  as  the  scatter  were  approximately  equal  for  each  type. 

Conductive  strips  consisted  of  four  thin  strips  of  paint  spaced  at  90 
degrees  around  the  specimen.  Thin  layers  of  printed  circuit  silver  paint 
were  terminated  in  tinned  bare  copper  wires  wrapped  tightly  around  the 
specimens.  The  surface  of  the  specimens  was  sanded  to  remove  fiber,  etc., 
before  applying  silver  paint. 

Locations  at  which  strain  gages  were  to  be  applied  were  sanded  to  re¬ 
move  surface  irregularities  and  were  cleaned  with  acetone.  A  coat  of  Duco 
cement  was  applied  to  the  surface  and  allowed  to  dry.  A  second  coat  of 
Duco  cement  was  applied,  and  the  gage  was  pushed  down  so  as  to  leave  no 
voids  in  the  glue  line.  A  layer  of  waxed  paper  was  placed  over  the  gage  and 
was  followed  by  a  rubber  pad.  Pressure  was  applied  by  rubber  bands 
stretched  around  the  bar.  The  gage  factor  was  written  on  the  specimen  near 
the  gage.  Gage  factor  is  the  dimensionless  relationship  between  the  change 
of  length  and  change  of  resistance  of  an  electrical  strain  gage  and  is  expres¬ 
sed  mathematically  as  AR/R 

F  =  AL/L 

Cement  and  silver  paint  were  dried  for  at  least  24  hours  before  testing. 
Portland  cement  mortar  dynamic  specimens  before  and  after  testing  are 
shown  in  figure  6. 

After  cutting  specimens  to  length,  applying  gages,  and  applying  conduc¬ 
tive  strips,  the  ends  of  plaster  bars  which  were  to  fit  against  the  anvil  were 
filed  flat  and  square  using  a  machinists  V-block  as  a  guide.  Flatness  of 
ends  was  checked  by  pressing  the  end  of  the  bar  against  the  flat  surface  of 
the  V-block. 

Due  to  the  hardness  of  concrete,  the  ends  of  the  concrete  bars  were  not 
finished  further  after  being  cut  square  with  the  diamond  saw  blade. 

f.  Method  for  Determining  Moisture  Content  at  Time  of  Dynamic  Test 

(1)  Scope 

This  method  covers  determination  of  percent  moisture  content, 
by  weight,  of  dynamic  test  specimens  at  time  of  testing. 

(2)  Apparatus 

The  scale  used  was  on  Ohaus  triple-beam  balance,  Model  CG 
311,  with  a  least-division  of  0.01  g. 

Specimens  were  dried  in  a  thermostatically  controlled  oven. 


24 


T 


(3) 


Procedure 


Immediately  after  dynamic  testing,  a  fragment  of  suitable  size 
(25  g  to  300  g)  was  weighed  and  marked  with  its  weight  to  the  nearest  0.01  g. 
Specimens  were  placed  in  an  oven  at  200°F  and  weighed  each  dav  until  the 
weight  change  in  24  hours  was  negligible.  In  all  cases,  weight  change  was 
negligible  after  7  days. 

Percent  moisture  at  test  was  computed  as 

100  (weight  at  dynamic  test  -  weight  after  baking) 

Weight  at  dynamic  test 

g.  Method  for  Dynamic  Fracture  Testing 

(1)  Scope 

This  method  covers  the  loading  apparatus,  measuring  equipment, 
and  procedure  for  dynamic  fracture  tests  of  plaster  and  portland  cement 
mortar  bars. 

(2)  Loading  Apparatus 

A  special  purpose  loading  apparatus  was  constructed  by  Melpar 
specifically  for  this  experimental  investigation. 

The  loading  apparatus  is  shown  schematically  in  figure  7.  Note  that  the 
loading  apparatus  passes  through  a  wall,  so  that  the  specimen  holder  is  in  a 
dark  room,  but  the  rest  of  the  apparatus  is  in  a  lighted  laboratory. 

Details  of  the  metal  bars  are  shown  in  figure  3.  An  end  view  of  the 
loading  apparatus  is  shown  in  figure  9. 

Figure  10  is  a  photograph  of  the  loading  apparatus  and  measuring 
equipment  in  the  lighted  laboratory.  Figure  11  is  a  photograph  of  the  dark¬ 
room  showing  a  specimen  in  the  specimen-holding  fixture  ready  for  test. 

In  essence  the  loading  device  provides:  (1)  a  fixture  of  very  low  acous¬ 
tic  impedance  for  holding  a  specimen  in  intimate  contact  and  accurate  align¬ 
ment  with  the  anvil  bar,  (2)  supports  of  low  acoustic  impedance  and  low  co¬ 
efficient  of  friction  for  the  anvil  and  striker  bars,  (3)  a  rigid  and  accurate 
guide  to  maintain  alignment  of  the  anvil  and  striker  bars,  and  (4)  a  latching 
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mechanism  and  a  compressed  air  propulsion  system  for  the  striker.  The 
loading  apparatus  operated  very  well  at  plenum  pressures  between  5  and  30 
psi,  with  stress  in  the  steel  bars  varying  from  1500  psi  to  21,000  psi.  Con¬ 
trol  was  better  at  high  pressures  than  at  low  pressures.  For  operation  below 
5-psi  plenum  pressure  (necessary  in  tests  of  concrete  mortars),  the  0-ring 
was  removed.  Below  5  psi,  friction  in  the  barrel  due  to  dust,  etc.,  was  sig¬ 
nificant,  and  control  of  velocity  became  difficult. 

The  entire  guidance  and  support  apparatus  was  made  quite  heavy.  The 
barrel  which  controls  alignment  of  the  striker  and  anvil  bars  has  an  inside 
diameter  of  2.00  inches  and  a  wall  thickness  of  1/4  inch.  The  bed  of  the  ap¬ 
paratus  is  a  20  ft  long,  12-inch  by  3-inch  steel  channel,  weighing  20.7  lb  per 
ft,  or  a  total  of  414  lb.  Teflon  rings  supporting  the  anvil  and  striker  bars 
were  fitted  to  the  bars  and  tube  so  that  no  lateral  movement  could  be  detected, 
but  bars  would  slide  smoothly  and  freely  in  the  barrel. 

The  angle-iron  framework,  visible  in  figure  12,  was  made  to  slide  along 
the  bed  of  the  loading  apparatus  and  could  be  raised  or  lowered  to  adjust  the 
field  of  view  of  the  camera.  In  addition  to  supporting  the  camera,  this  frame¬ 
work  supported  the  outer  end  of  some  test  specimens.  All  concrete  speci¬ 
mens  of  48-inch  nominal  length  and  all  plaster  specimens  of  50-  to  6-inch 
lengths  were  partially  supported  by  a  cord  extending  from  the  outer  end  of 
the  specimen  vertically  to  the  top  horizontal  member  of  the  angle-iron 
frame. 

(3)  First  Instrumentation  Setup 

(a)  Electronic  Equipment:  A  block  diagram  of  instrumentation 
used  in  the  first  series  of  tests  is  shown  in  figure  12.  This  setup  was  used 
for  the  first  series  of  tests,  Ultracal  60  Series  1,  but  was  not  used  further 
because  it  was  found  that  the  break  of  the  silver  conductive  strip  on  the  spec¬ 
imen  was  not  a  sufficiently  accurate  measure  of  time  of  completing  fracture 
of  the  specimen. 

‘n  the  strikei  bar  contacted  the  anvil  bar,  a  trigger  pulse  was  deliv¬ 
ered  •  e  Tektronix  535  Oscilloscope,  starting  its  sweep,  and  causing  gen¬ 
eration  of  a  delayed  trigger  pulse  to  the  Tektronix  502  Oscilloscope. 

When  the  conductive  strip  on  the  specimen  was  broken,  a  pulse  was 
delivered  to  one  channel  of  the  502  Oscilloscope  and  also  to  the  first  Dumont 
404  pulse  generator.  This  generator  delivered  a  trigger  pulse  to  the  remain¬ 
ing  pulse  generators  after  a  delay  of  a  few  microseconds,  and  triggered  the 
first  strobe  light  after  a  delay  of  up  to  100  microseconds.  The  Teletronics 
pulse  generator  fired  the  second  strobe  light  after  a  delay  of  up  to  1  milli¬ 
second. 
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- ONE  EACH  AT  10.00",  ?5.00"  AND  50.00"  _ 

STRIKER  BARS 

Figure  8.  Details  of  Anvil  and  Striker  Bars 


100" 


Figure  10.  Photograph  of  Loading  Apparatus  Outside  Darkroom 


Figure  11.  Photograph  of  Loading  Apparatus  Inside  Darkroom 
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When  the  first  Dumont  404  pulse  generator  or  either  strobe  light  fired, 
the  secor.J  Dumont  404  pulse  generator  was  triggered  and  immediately  gen¬ 
erated  a  pulse  which  produced  an  intensity-modulated  event  mark  or.  both 
oscilloscopes. 

The  camera  in  the  darkroom  (see  figure  11)  recorded  an  image  of  the 
specimen  when  each  strobe  light  was  fired.  Each  light  illuminated  only  one 
side  of  the  specimen.  The  first  light  was  timed  to  produce  a  picture  as  soon 
as  the  first  fracture  had  opened  enough  to  be  visible.  The  second  light  was 
timed  to  produce  a  picture  as  soon  as  all  fractures  were  opened  enough  to  be 
visible.  Intensity-modulated  event  marks  on  records  from  the  two  oscillo¬ 
scopes  showed  the  exact  time  at  which  pictures  were  taken. 

The  single-channel  535  oscilloscope  recorded  strains  in  the  anvil  bar, 
time  of  break  of  conductive  strip,  and  time  of  firing  of  each  strobe  light. 

The  502  oscilloscope  recorded  strains  in  the  specimen,  time  of  break  of  the 
conductive  strip,  and  time  of  firing  of  the  first  strobe  light.  Sweep  time  on 
the  502  was  usually  too  short  to  record  firing  of  the  second  strobe  light. 

(b)  Measurement :  Original  data  consisted  of  a  photograph 
showing  two  stages  in  the  fracture  of  the  specimen,  a  photograph  of  the 
screen  of  the  502  oscilloscope  showing  strain  history  at  a  gage  on  the  spec¬ 
imen,  the  time  of  break  of  the  conductive  strip,  the  time  of  firing  of  the  first 
strobe  light,  a  photograph  of  the  screen  of  the  535  oscilloscope  showing 
strain  history  in  the  anvil  bar,  the  time  of  break  of  the  conductive  strip,  and 
the  time  of  firing  of  both  strobe  lights. 

A  sketch  of  a  typical  record  from  the  502  oscilloscope  is  shown  in  figure 
13.  Lines  were  scribed  on  the  original  photograph  through  the  center  of  the 
traces,  and  measurements  were  taken  between  the  scribed  lines.  Values 
could  be  estimated  to  the  nearest  0.02  cm. 

Values  of  momentum  in  fragments  outboard  of  the  first  fracture  were 
computed  from  the  photograph  of  two  stages  in  the  fracture  of  the  specimen 
and  from  known  times  of  taking  photographs,  as  indicated  in  figure  14.  Meas¬ 
urements  of  crack  width  on  the  photograph  were  made  with  a  zoom  micro¬ 
scope  having  a  calibrated  graticule  and  reading  directly  to  0.001  inch. 

(4)  Second  Instrumentation  Setup 

(a)  Electronic  equipment :  A  block  diagram  of  instrumentation, 
used  in  all  testing  except  the  first  series,  Ultracal  60,  series  1,  is  shown  in 
figure  15.  Circuit  diagrams  for  the  trigger  circuit,  the  event  mark  circuit, 
and  the  break  circuit  and  bridge  circuits  are  shown  in  figure  16.  A  photo¬ 
graph  of  the  recording  equipment  is  shown  in  figure  17. 


MAY  MEASURE  TH  S 
ON  535  RECORD 


i,  =  COMPRESSIVE  STRAIN  MAGNITUDE 
«2  1  TENSILE  STRAIN  MAGNITUDE 
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T  =  - -=  INTERVAL  BETWEEN  ARRIVAL  OF 

2  COMPRESSIVE  PULSE  AND  FiRST 
TENSION 


Figure  13.  Sketch  of  Data  from  First  Series  of  Tests  with  Notation 

This  instrumentation  setup  differs  from  the  first  setup  in  that  the  time 
of  breaking  the  conductive  strips  and  firing  of  the  strobe  lights  was  not 
recorded.  Time  between  firing  of  the  strobe  lights  was  calibrated,  but  was 
not  recorded  for  each  shot. 

When  the  striker  bar  contacted  the  anvil  bar,  a  trigger  pulse  was  gener¬ 
ated  which  started  the  sweep  on  the  502  oscilloscopes  after  an  appropriate 
delay.  This  oscilloscope  subsequently  recorded  strains  measured  by  gages 
on  the  anvil  and  specimen. 

When  the  conductive  strip  was  broken,  a  pulse  was  generated  which, 
after  appropriate  delays,  caused  pulse  generators  to  trigger  the  strobe 
lights.  The  535  oscilloscope  was  used  to  record  time  between  the  firing  of 
the  two  strobe  lights. 

The  camera  in  the  darkroom  (see  figure  11)  recorded  an  image  of  the 
specimen  when  each  light  fired.  Each  light  illuminated  only  one  side  of  the 
specimen,  so  that  an  image  of  first  one  side  and  later  the  other  side  was 
recorded  on  the  film.  The  first  light  was  timed  to  produce  a  picture  as  soon 


35 
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Mj  s  p2  d3  C  *  j  =  p  *2  ^  *  1 

=  TOTAL  PARTICLE  MOMENTUM  'UNIT  AREA  IN 
INCIDENT  COMPRESSIVE  PULSE 

M2  =  pC  <  j  ^3  +  dj  -  C  (tj  -  T) 

=  PARTICLE  MOMENTUM  UNIT  AREA  IN 
FRAGMENTS  BETWEEN  FIRST  CRACK  AND 
FREF  END  (USING  BREAK  STRIP  DATA) 

M3  =—  flj  +  h2  (g]  •  g2)  ♦  ^3  (g^  -  g2  -  93)  +  •  *  * 
t7  L 

=  PARTICLE  MOMENTUM  UNIT  AREA  IN 
FRAGMENTS  BETWEEN  FIRST  CRACK  AND 
FREE  END  (USING  PHOTOGRAPH  DATA) 


=  PARTICLE  MOMENTUM/UNIT  AREA  IN 
REFLECTED  PULSE  PASSING  STRAIN  GAGE 


Figure  14.  Sketch  of  Measurements  on  Photograph  of  Specimen  with  Notation 
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Figure  16.  Circuit  Diagrams 
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Figure  17.  Photograph  of  Recording  Equipment 
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as  the  first  fracture  had  opened  enough  to  be  visible.  The  second  light  was 
timed  to  produce  a  picture  as  soon  as  all  fractures  were  opened  enough  to 
be  visible. 


(b)  Measurement:  Original  data  consisted  of  a  photograph 
showing  two  stages  in  the  fracture  of  the  specimen  and  a  photograph  of  the 
screen  of  the  502  oscilloscope  showing  records  of  strain  on  the  anvil  and 
specimen. 

A  sketch  of  a  typical  record  from  the  502  oscilloscope  is  shown  in 
figure  18.  Lines  were  scribed  through  centers  of  traces  on  the  original 
photographs,  and  measurements  were  taken  between  the  scribed  lines. 
Photographs  of  original  data  are  shown  in  figure  19. 

(5)  Test  Specimens 

Dynamic  test  specimens  were  slender  bars  having  diameters 
between  0.9  and  1.2  inches  and  lengths  between  18  and  60  inches.  Figure  6 
shows  typical  portland  cement  mortar  specimens  ready  for  testing  and  after 
testing.  Figure  11  shows  a  specimen  in  place  for  test. 


TYPICAL  RECORD  FROM  502  SCOPE 
TENSION  ULTRACAL  60  SERIES  2,  HYDROSTONE  AND  MORTAR 


Figu  re  18.  Sketch  of  Data  from  Tests  Excepting  First  Series 
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Figure  19.  Photograph  of  Original  Data  from  Tests  Excepting  First  Series 
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(6) 


Procedure 


Specimens  were  prepared  as  described  in  Method  for  Cutting 
Test  Specimens  and  Applying  Gages  and  Conductive  Strips. 

The  specimen  was  placed  in  the  holding  fixture  and  aligned  so  that  its 
end  fitted  squarely  against  the  end  of  the  anvil  bar.  The  holding  fixture  was 
then  moved  back  so  that  there  was  a  clearance  of  about  1/4  inch  between  the 
anvil  bar  and  the  specimen.  All  wire  connections  were  then  made  to  the 
strain  gage  and  the  conductive  strip.  Care  was  taken  to  insure  that  wires 
would  neither  impede  the  motion  of  fragments  of  the  bar  during  fracture  nor 
cast  undesirable  shadows  in  photographs. 

Checkout  of  loading  and  measuring  equipment  was  done  according  to  a 
detailed  two-page  checklist.  Checkout  included  the  operation  of  the  loading 
machine,  the  triggering  circuitry,  strobe  lights,  calibration  checking  of  the 
strain-gage  circuitry,  film  checking  in  the  cameras,  and  the  setting  of  con¬ 
trols  on  oscilloscopes  and  cameras.  A  data  sheet  was  filled  out  which  in¬ 
cluded  a  dimensional  sketch  of  the  specimen,  the  specimen  number,  the  gage 
factor,  the  calibration  data,  and  the  setting  of  all  controls. 

Grease  was  applied  to  the  end  of  the  anvil  bar,  and  the  specimen-holding 
fixture  was  moved  so  as  to  bring  the  specimen  squarely  against  the  end  of 
the  anvil  bar  and  press  out  most  of  the  grease  so  as  to  leave  the  thinnest 
possible  layer. 

The  test  was  carried  out,  again  following  a  check  list  to  insure  that  each 
component  of  equipment  was  properly  set.  After  the  specimen  was  broken, 
the  pieces  were  recovered  and  reassembled  in  a  tray.  Trays  of  broken 
specimens  are  visible  in  figure  10.  A  piece  of  the  specimen  was  weighed  for 
later  determination  of  percent  moisture  at  test.  Photographs  from  the 
oscilloscope  camera  and  the  specimen  camera  were  labeled  and  attached  to 
the  data  sheet  having  calibration  data  and  so  forth. 

Lines  were  scribed  on  the  photographs  and  initial  measurements  taken 
soon  after  the  specimen  was  tested. 
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SECTION  4 


RESULTS 


A  summary  of  material  properties  is  contained  in  table  II,  and  tabulated 
data  for  each  of  321  dynamic  tests  are  contained  in  tables  III  to  VII.  These 
tabulated  data  make  it  possible  to  reconstruct  a  good  approximation  of  the 
tensile  phase  strain  history  for  each  dynamic  test  specimen.  Also,  a  num¬ 
ber  of  calculated  quantities  are  tabulated. 

Table  II  contains  mean  values  and  standard  deviations  for  measurements 
of  pulse  velocity,  density,  and  static  tensile  strength;  the  percent  of  mois¬ 
ture  at  test  and  the  parameter,  K,  defined  by  Martin  and  Murphy;^  and  aver¬ 
age  values  of  some  other  calculated  parameters.  It  should  be  recalled  that 
if  a  variable  is  normally  distributed  the  mean  plus  or  minus  one  standard 
deviation  includes  68.3  percent  of  the  population,  and  the  mean  plus  or  minus 
two  standard  deviation  includes  95.4  percent  of  the  population. 

Standard  deviation  of  measurements  of  nulse  velocity,  density,  and  per¬ 
cent  moisture  at  test  are  small  percentages  of  mean  values,  or  small  in  ab¬ 
solute  value.  It  appears  from  these  measurements  that  test  specimens  had 
a  good  degree  of  uniformity.  Standard  deviation  in  static  tensile  strength 
measurements  ranged  from  18.5  to  22.9  percent  of  the  mean  values.  This  is 
higher  than  is  usually  found  in  concrete  testing;  but  concrete  test  specimens 
customarily  have  a  high  moisture  content,  whereas  all  specimens  in  this  in¬ 
vestigation  had  quite  low  moisture  contents.  Scatter  of  this  magnitude  is  not 
unusual  in  impact  tests  of  metals  below  their  transition  temperature. 

It  will  be  seen  in  figures  20  through  23  that  scatter  of  data  in  dynamic 
tests  was  little  greater  than  in  static  tests. 

Some  idea  of  the  degree  of  scatter  anticipated  by  the  writers  of  the 
standard  "Test  for  Tensile  Strength  of  Hydraulic  Cement  Mortars,"  ASTM 
C  190-63, can  be  had  by  examining  criteria  for  faulty  briquets  and  retests. 
The  minimum  number  of  test  specimens  to  be  made  for  a  given  curing  con¬ 
dition  is  three.  The  minimum  number  of  test  specimens  to  be  used  as  a 
valid  measure  of  strength  is  two.  Strength  values  differing  from  the  mean 
by  more  than  15  percent  are  to  be  discarded. 

Testing  technique  would  still  be  considered  acceptable  if  as  many  as 
one-third  of  the  test  specimens  deviated  from  the  mean  by  more  than  15  per¬ 
cent.  This  implies  a  standard  deviation  slightly  above  15  percent  of  the 
mean.  Also,  ASTM  C-190-63  specifies  testing  specimens  saturated  with 
moisture,  which  probably  results  in  less  scatter  than  if  they  were  dry. 
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No  data  was  taken  to  determine  the  deviation  of  materials  tested  in  this 
investigation,  if  any,  from  Hooke’s  law  for  loading  up  to  fracture  in  tension. 

It  is  thought  that  this  deviation  is  negligible.  It  should  be  noted  that  strain 
was  measured  directly  in  dynamic  tests,  Young's  Modulus  was  calculated 
from  density  and  pulse  propagation  velocity,  and  static  tensile  stress  was 
calculated  according  to  ASTM  Designation  C496-64T*7  from  force  required 
+o  split  a  cylinder.  If  there  was  any  deviation  from  Hooke's  law,  it  is  more 
valid  to  compare  calculated  dynamic  stress  to  static  stress  than  to  compare 
measured  dynamic  strain  to  calculated  static  strain. 

Dynamic  tests  employed  three  striker  bars,  producing  loading  pulse 
duration  of  about  100,  250,  and  500  microseconds.  In  each  series  of  tests  an 
attempt  was  made  to  find  the  maximum  strain  at  which  specimens  were  not 
fractured  by  pulses  of  each  duration.  Specimens  which  did  not  fracture  dur¬ 
ing  the  first  tensile  phase  are  so  designated  in  tables  III  to  VII  and  plots  of 
these  data  in  figures  21  through  24. 

A  strain  pulse,  once  In  a  bar,  continues  to  travel  up  and  down  the  bar 
until  its  energy  is  absorbed  in  the  material,  transmitted  to  supports  and  air, 
or  until  fracture  occurs.  Consequently,  some  specimens  fractured  as  a  re¬ 
sult  of  the  first  loading  pulse  but  not  during  the  first  tensile  phase. 

Some  specimens  were  not  fractured  by  the  first  dynamic  load  applied. 

In  most  cases,  these  specimens  were  retested  at  a  higher  load  intensity. 
When  a  specimen  was  loaded  dynamically  more  than  one  time,  the  first  test 
is  designated  in  the  tables  by  a  specimen  number  with  a  suffix,  T-l,  the  sec¬ 
ond  test  by  the  same  specimen  number  with  a  suffix, T-2,  etc. 

A  few  dynamic  specimens  of  ordinary  portland  cement  mortar  were 
broken,  glued  back  together,  and  broken  again.  Each  broken  end  which  was 
to  be  reglued  was  coated  with  Eastman  910  primer  and  air  dried  for  about  5 
minutes.  One  of  the  two  ends  which  were  to  make  contact  was  coated  with 
Eastman  910  adhesive.  The  two  ends  were  pressed  together  by  hand  for 
about  20  seconds  to  form  a  bond.  After  gluing,  specimens  were  allowed  to 
set  undisturbed  for  about  4  hours. 

Specimens  numbered  97C,  105C,  106C,  107C,  109C  and  119C  were  broken, 
glued  together  with  Eastman  910  adhesive,  and  broken  again.  In  only  one  case 
did  a  fracture  in  the  second  testing  occur  in  a  glue  line.  Specimens  106C  and 
107C  were  instrumented  on  both  the  first  and  second  tests.  In  both  cases,  the 
peak  strain  was  higher  in  the  second  test  than  in  the  first. 

It  is  believed  that  there  is  a  good  chance  that  natural  rock  cores,  frac- 
cured  in  extraction,  can  be  glueJ  in  this  fashion  to  make  the  long-bar  speci¬ 
mens  required  for  this  type  of  dynamic  test  on  natural  rocks. 
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Figure  21.  Strain  Magnitude  vs.  Strain  Duration  for  Hydrostone 
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a.  Ultracal  60  Series  1 


In  this  series  of  experiments,  the  strain  gage  was  placed  further  from 
the  free  end  of  the  specimen  than  the  section  at  which  the  first  tension  was 
expected  so  that  the  entire  compressive  pulse  could  be  recorded  without  in¬ 
terference  from  the  reflected  tensile  pulse.  Location  of  strain  gages,  nomi¬ 
nal  specimen  lengths,  pulse  durations  and  average  distance  from  the  free  end 
to  the  section  first  subjected  to  maximum  tension  are  given  in  table  I.  Ex¬ 
periments  were  planned  to  test  the  validity  of  strain  gage  measurements, 
time  of  photographing  the  specimen  during  fracture,  and  time  of  fracture  in¬ 
dicated  by  the  break  of  conductive  silver  strip  painted  on  the  specimen. 

Momentum  of  particles  in  the  specimen  was  calculated  from  the  measure- 
surementa  and  equations  given  in  figures  14  and  15,  and  are  presented  in  table 
III. 


Calculation  of  the  total  particle  momentum  per  unit  area  of  specimen  in 
the  Incident  compressive  pulse,  Mj,  and  total  particle  momentum  per  unit 
area  of  specimen  in  the  reflected  tensile  pulse  reaching  the  strain  gage,  M4, 
depended  on  accuracy  of  strain  gage  measurements  and  time  calibration  of 
the  oscilloscope. 

Calculation  of  the  total  particle  momentum  per  unit  area  of  specimen  in 
fragments  between  the  first  fracture  and  free  end  (using  break  strip  data), 
M2,  depended  on  strain  gage  measurements,  time  calibration  of  the  oscillo¬ 
scope,  and  time  of  first  fracture  Indicated  by  the  break  of  a  conductive  silver 
strip  painted  on  the  specimen. 

Calculation  of  total  particle  momentum  per  unit  area  of  specimen  be¬ 
tween  the  free  end  and  first  fracture  (using  photographic  data),  Mg,  depended 
on  measurements  of  displacement  of  fragments  on  pictures  of  the  specimen 
taken  during  fracture  and  time  calibration  of  the  oscilloscope. 

It  was  found  that  M2  was  always  smaller  than  M3,  the  average  ratio  of 
M2  to  M3  being  0.73,  whereas  if  all  measurements  were  valid  M2  should 
equal  M3.  It  was  concluded  that  time  of  breaking  the  conductive  silver  strip 
was  not  a  satisfactory  measure  of  time  of  completing  fracture  of  the  speci¬ 
men.  Evidently  the  silver  paint  exhibited  some  ductility  and  did  not  fracture 
until  after  fracture  of  the  specimen  was  completed.  Time  of  breaking  the 
silver  paint  strip  was  not  used  as  a  measure  of  time  of  fracturing  the  speci¬ 
men  in  subsequent  tests. 

The  average  ratio  of  Mj  -  M4  to  M3  was  1.07,  or  if  one  questionable  value 
was  omitted,  1.04.  This  was  taken  as  strong  evidence  that  strain  measure¬ 
ments  during  fracture  were  valid.  The  average  ratio  of  Mj  -  M4  to  Mg 
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would  be  expected  to  be  slightly  larger  than  unity,  because  Mj  -  M^  includes 
momentum  of  fragments  broken  off  between  the  first  fracture  and  strain 
gage,  whereas  M3  does  not. 

Since  time  of  breaking  the  silver  strip  was  not  a  valid  measure  of  time 
of  fracture,  it  was  decided  that  strain  gages  would  be  placed  as  close  as 
possible  to  the  section  which  first  reached  maximum  tension  and  at  which 
the  first  fracture  was  most  likely  to  occur  in  all  following  series  of  tests. 

b.  Ultracal  60  Series  2 

Data  from  this  series  of  experiments  are  presented  in  table  IV.  A  plot 
of  strain  magnitude  vs.  strain  duration  is  presented  in  figure  21.  The  plaster 
mixture  and  method  of  preparing  specimens  were  identical  to  the  previous 
series  except  that  an  attempt  was  made  to  place  strain  gages  at  the  section 
which  would  first  be  subjected  to  maximum  tension. 

Maximum  tensile  stress  observed  in  the  specimens  was  about  3.75  times 
the  mean  static  tensile  strength,  and  about  2.65  times  the  highest  observed 
static  tensile  strength. 

At  a  tensile  strain  of  433  microinches  per  inch  (the  mean  static  ulti¬ 
mate  strain  plus  two  standard  deviations),  97.7  percent  of  specimens  would 
be  fractured  in  static  tests,  but  no  specimens  were  fractured  in  dynamic 
tests  in  which  duration  of  load  was  less  than  100  microseconds. 

The  longest  duration  of  loading  in  this  series  of  experiments  was  about 
260  microseconds.  Note  that  for  an  appreciable  number  of  specimens,  as 
seen  in  figure  20,  fracture  did  not  occur  during  the  first  tensile  phase.  In 
these  cases,  the  strain  pulse  continued  to  travel  back  and  forth  in  the  speci¬ 
men  for  an  unknowm  number  of  cycles  before  fracture  actually  was  com¬ 
pleted. 

Martin  and  Murphy11  defined  a  quantity,  K,  which  in  the  notation  of  this 
report  can  be  written  as 


Values  of  K  were  computed  for  tests  in  which  average  pulse  duration 
was  less  than  80  microseconds.  For  this  series,  the  standard  deviation  of 
K  was  19.3  percent  of  the  mean,  whereas  standard  deviation  of  static  tensile 
strength  was  20.5  percent  of  the  mean.  However,  values  of  K  for  average 
pulse  durations  greater  than  80  microseconds  were  more  variable.  It 
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appears  that  K  is  a  good  measure  of  resistance  to  dynamic  fraoture  of  this 
material  for  pulse  durations  below  80  microseconds,  but  muoh  less  good  for 
pulses  of  longer  duration. 

c.  Hydrostone 

Data  for  experiments  with  Hydrostone  are  presented  in  table  V.  A  plot 
of  strain  magnitude  vs.  strain  duration  is  presented  in  figure  21. 

The  highest  tensile  stress  in  Hydrostone  was  about  2.65  times  the  static 
mean  value  and  about  1.94  times  the  highest  static  value.  At  these  values  of 
stress,  specimens  were  breaking  before  the  tensile  stress  could  reach  its 
maximum  value,  that  Is,  the  magnitude  of  the  incident  compressive  pulse. 
When  pulse  durations  were  as  long  as  400  microseconds,  stress  required  to 
break  specimens  was  still  significantly  above  the  static  value. 

Hydrostone  was  mixed  in  a  vacuum,  with  degassed  water,  and  had  virtu¬ 
ally  no  voids  visible  to  the  unaided  eye.  Ultracal  60,  on  the  other  hand,  was 
mixed  in  a  flat  pan  with  a  trowel,  and  under  10  power  magnification  showed 
many  evenly  distributed  small  voids.  The  hydrostone  exhibits  appreciably 
more  scatter  in  data,  particularly  at  the  higher  loading  intensities  ani 
shorter  load  durations. 

d.  Portland  Cement  Mortars 


Data  from  tests  on  specimens  of  Portland  cement  mortar  are  presented 
in  tables  VI  and  VII.  A  plot  of  strain  magnitude  vs.  strain  duration  is  pre¬ 
sented  in  figures  22  and  23. 

The  highest  tensile  stress  recorded  in  dynamic  tests  was  about  2.57 
times  the  static  mean  tensile  strength  and  about  1.77  times  the  highest  ob¬ 
served  static  tensile  strength. 

It  appears  that  these  dry  Portland  cement  mortars,  made  with  Ottawa 
sand,  will  fracture  at  essentially  the  static  fracture  stress  if  load  duration 
is  in  excess  of  200  microseconds.  When  load  duration  is  as  short  as  30 
microseconds,  stress  must  be  about  twice  the  static  tensile  strength  if 
fracture  is  to  occur. 

Strain  gages  were  placed  somewhat  further  from  the  free  end  of  speci¬ 
mens  than  the  ideal  location,  i.e.,  the  section  first  subjected  to  maximum 
tensile  strain,  As  a  consequence,  it  was  necessary  to  adjust  the  values  for 
strain  duration  (t4+tg)/2,  which  occurred  in  the  section  which  was  first  sub¬ 
jected  to  maximum  tensile  strain,  to  compensate  for  the  gage  location. 
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Figure  23.  Strain  Magnitude  vs.  Strain  Duration  for  Ordinary  Mortar 


ORDINARY  PORTLAND  CEMENT  MORTAR 

o—o  FRACTURED  FIRST  TENSILE  PHASE 
o— a  NOT  FRACTURED  FIRST  TENSILE  PHASE 


Tables  VI  and  VII  present  these  adjusted  values  which  were  calculated  on  the 
basis  of  strain  gage  location,  first  fracture,  the  section  first  subjected  to 
maximum  tension,  and  the  rise  time  of  the  strain  pulse. 

e.  Application 

Information  obtained  in  this  investigation  is  believed  to  have  practical 
applications  in  any  situation  in  which  the  materials  tested  are  to  be  fractured 
in  tension,  at  or  near  atmospheric  pressure,  by  stresses  applied  very  rapid¬ 
ly.  Situations  in  which  this  type  of  fracture  is  predominant  Include  percus¬ 
sion  drilling,  demolition  of  concrete  structures,  and  prediction  of  fracture 
due  to  large  explosions  by  observing  fracture  in  small-scale  model  explo¬ 
sions.  It  is  dangerous  to  extrapolate  results  of  tests  on  these  materials  to 
rocks,  etc.,  for  which  no  experimental  data  exists.  However,  it  seems  rea¬ 
sonable  to  assume  that  some  rocks  will  exhibit  behavior  similar  to  the 
materials  tested. 

Reichmuth*  has  established  that  the  most  significant  mode  of  rock  frac¬ 
ture  in  percussion  drilling  is  tensile  fracture.  Information  of  the  type  ob¬ 
tained  in  this  investigation  should  be  valuable  in  selecting  or  designing  per¬ 
cussion  drills  for  drilling  in  a  particular  type  of  rock  in  order  to  minimize 
energy  expended  in  drilling.  The  energy  that  must  be  supplied  to  the  striker 
of  a  percussion  drill  Is  equal  to  one-half  its  mass  multiplied  by  the  square 
of  its  velocity.  Duration  of  impulse  is  proportional  to  striker  length,  and 
strain  magnitude  is  proportional  to  striker  velocity. 

Some  values  of  pulse  duration,  strain  magnitude  and  energy  of  pulse 
required  to  produce  fracture  of  Ultracal  60  are  given  in  table  VIII.  Combin¬ 
ations  of  pulse  duration  and  strain  magnitude  were  taken  from  the  upper 
bound  to  the  experimental  data  in  figure  20.  It  is  seen  that  a  pulse  duration 
of  40  microseconds  at  800  microinches  per  inch  resulted  in  fracture  with 
significantly  less  expenditure  of  energy  than  longer  pulses  of  lesser  magni¬ 
tude.  Increasing  strain  magnitude  did  not  materially  reduce  energy  required 
to  complete  fracture. 

A  closely  analogous  situation  may  exist  in  percussion  drilling.  Certain 
combinations  of  striker  length  and  velocity  may  produce  maximum  drilling 
efficiency  in  a  particular  rock,  while  a  longer  striker  wastes  energy  and 
higher  impact  velocity  produces  unnecessary  wear  on  striker  and  drill  steels. 

Applications  of  data  of  the  type  generated  in  this  investigation  to  the  de¬ 
sign  of  demolition  and  small-scale  blasting  procedures  is  direct  and  obvious. 
Of  course,  it  is  necessary  that  experimental  data  be  available  for  the  type  of 
material  to  be  blasted.  Also,  data  must  be  available  on  intensity  and  duration 
of  strain  pulses  produced  by  various  explosive  charges.  The  principle  that 
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TABLE  VIII 


ENERGY  ASSOCIATED  WITH  FRACTURE  OF  ULTRACAL  60 


Pulse  Duration 
(10“6  sec) 

Strain 

(10-6  in./in.) 

Energy  of  Pulse 
(arbitrary  units) 

200 

680 

924 

100 

700 

490 

40 

800 

256 

20 

1120 

250 

has  been  established  is  that  increasing  duration  of  explosive  loading  is 
sometimes  interchangeable  with  increasing  intensity  of  explosive  loading  in 
accomplishing  more  effective  demolition. 

Information  of  the  type  generated  by  this  investigation  is  essential  if 
fracturing  by  large  explosions  is  to  be  predicted  by  observation  of  small- 
soale  model  explosions.  Small-scale  model  experiments  have  been  made  by 
Johnson,9  Martin,18  and  Kochanowsky  and  Pinto.19  As  discussed  by  Martin 
and  Murphy,11  there  is  good  evidence  that  scale-model  blasts,  employing  the 
same  explosive  and  the  same  resistant  material,  and  of  similar  geometry, 
result  in  the  same  strain  magnitudes  at  equivalent  locations  as  in  large 
blasts.  However,  all  times  are  reduced  in  the  same  proportion  as  the  length 
scale  of  the  model. 

It  is  evident  from  figure  20  that  an  explosive  loading  on  Ultracal  60  with 
pulse  duration  of  200  microseconds  and  magnitude  of  700  microinches  per 
inch,  would  cause  complete  fracture.  However,  in  a  one-tenth  scale  model, 
with  pulse  duration  of  20  microseconds  and  magnitude  of  700  microinches 
per  inch,  no  fracture  would  occur.  This  comparison  is  a  bit  oversimplified 
because  strain  pulses  from  explosions  are  not  exactly  of  the  same  shape  as 
the  pulses  generated  in  this  investigation,  but  the  comparison  is  certainly 
valid  in  principle. 

On  the  other  hand,  data  plotted  in  figures  22  and  23  indicate  that  mortars 
completed  fracture  within  200  microseconds  even  at  the  strain  levels  asso¬ 
ciated  with  static  tests.  Consequently,  models  made  of  these  materials  would 
probably  give  good  indications  of  fracture  in  large  systems,  provided  tensile 
strain  duration  in  the  model  was  appreciably  longer  than  200  microseconds. 
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SECTION  5 


CONCLUSIONS 


Dynamic  fracture  behavior  of  the  high-strength  gypsum  plaster,  low- 
strength  gypsum  plaster,  high  early  strength  Portland  cement  mortar,  and 
ordinary  Portland  cement  mortar  tested  were  qualitatively  similar.  In  each 
case,  as  strain  magnitude  increased,  time  required  to  complete  fracture  de¬ 
creased. 


Strain  required  to  break  plaster  was  significantly  above  the  static 
fracture  value  at  the  longest  loading  durations  (about  400  microseconds). 
Mortars  broke  at  the  static  fracture  strain  after  load  had  existed  for  about 
200  microseconds. 


The  quantity 


defined  by  Martin  and  Murphy,  appeared  to  be  a  good  measure  of  resist¬ 
ance  to  dynamic  fracture  of  low-strength  gypsum  plasters  at  load  durations 
of  less  than  80  microseconds.  For  other  materials  and  longer  load  dura¬ 
tions,  the  standard  deviation  of  K  was  a  larger  percentage  of  its  mean  value 
than  was  the  case  for  static  tensile  strength. 


Tensile  fracture  of  these  materials  cannot  be  predicted  by  specifying  a 
fracture  stress  or  fracture  strain  if  load  is  applied  rapidly,  as  in  these 
experiments. 


It  appears  that  sections  of  natural  rock  drill  cores  could  be  glued  to¬ 
gether  with  Eastman  910  cement  to  make  long  bars  suitable  for  dynamic 
testing  of  the  type  used  in  this  investigation. 

Measurement  of  time  at  which  current  ceased  to  flow  through  silver 
strips  painted  on  specimens  was  not  an  adequate  measure  of  time  at  which 
fracture  occurred. 


The  special  loading  machine  constructed  by  Melpar  was,  in  general, 
quite  successful. 

Casting  of  long  bar  test  specimens  was  difficult.  In  future  work,  con¬ 
sideration  should  be  given  to  dynamic  test  specimens  of  rectangular  or 
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triangular  cross  section.  Such  work  is  necessary  to  determine  variations 
due  to  sample  configurations  and,  at  the  same  time,  long  specimens  should 
be  easier  to  obtain  in  rectangular  shapes. 

Additional  experimental  work  should  be  done  to  determine  whether  other 
materials  exhibit  behavior  similar  to  those  already  tested.  In  particular, 
tests  should  be  made  on  Portland  cement  mortars  with  aggregrates  other 
than  Ottav/a  sand  and  on  natural  rock  cores  as  well  as  concrete  (in  deter¬ 
mining  the  behavior  of  structures). 

In  future  experiments  employing  the  technique  used  in  this  investigation, 
specimens  should  be  pre-inspected  by  sending  a  low-amplitude  pulse  down 
the  specimen  and  observing  the  reflection.  This  could  disclose  the  presence 
of  cracks  or  flaws  in  the  specimen.  Also,  speed  of  sound  in  the  specimen 
could  be  determined  so  that  the  strain  gage  could  be  placed  exactly  at  the 
section  which  first  will  experience  maximum  tension. 

Techniques  for  testing  specimens  with  high  moisture  contents  should  be 
developed.  It  is  suspected  that  time  required  to  complete  fracture  is  longei 
at  high  moisture  contents. 

More  research  is  required  to  establish  a  general  criterion  or  property 
for  measuring  resistance  to  fracture  under  dynamic  loading. 
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An  experimental  study  was  made  of  influence  of  strain  magnitude  and  strain  dura¬ 
tion  on  dynamic  fracture  In  uniaxial  tension  of  low-strength  gypsum  plaster, 
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pressive  pulse  by  longitudinal  impact  of  two  metal  bars  and  applied  the  pulse  to 
one  end  of  the  dynamic  test  specimens.  The  compressive  pulse  was  reflected  at  th« 
free  end  of  specimens  as  a  tensile  pulse  and  caused  fracture  in  tension  at  a 
section  near  the  middle. 

Time  from  zero  strain  to  maximum  tensile  strain  varied  from  10  to  35  microseconds, 
and  total  duration  of  tensile  strain  varied  from  20  to  430  microseconds  with  few 
exceptions.  All  materials  withstood  tensile  strains  two  to  three  times  the 
static  fracture  strain  for  short  periods.  The  straining  time  required  to  cause 
fracture  varied  with  strain  magnitude. 
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